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FOREWORD

This report contains the results of certain phases of sys-
tematic ground-water investigations in the Coastal Plain region of
Virginia, made during the period from September, 1937, to Decem-
ber, 1945. The manuscript and illustrations were submitted to
the printer on February 12, 1946, during the administration of Dr.

Arthur Bevan as State Geologist, for publication. Because of -

delays and difficulties beyond the control of the Virginia Geological
Survey, this Bulletin was not published and delivered to us until
the date indicated below.

On September 1, 1947, the under51gned was appomted State
Geologist of Virginia to succeed Dr. Arthur Bevan who. resigned
on that date. '

Wirriam M. McGiLL,
State Geologist.
VIRGINIA GEOLOGICAL SURVEY, |
Box 1428, University Station,
Charlottesville, Virginia,
February 15, 1951,
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LETTER OF TRANSMITTAL

COMMONWEALTH OF VIRGINIA
ViIirGINIA GEOLOGICAL SURVEY
UNIVERSITY OF VIRGINIA

CHARLOTTESVILLE, VA., February 12, 1946,

To the Virginia Conservation Commission:

GENTLEMEN ;

I have the honor to transmit for publication as Bulletin 68 of the
Virginia Geological Survey, a report on Chemical Character of Ground
Water in the Coastal Plain of Virginia, by Mr. D. J. Cederstrom of
the Federal Geological Survey. '

The ground water in the Coastal Plain of Virginia occurs in
several belts, each of which has distinctive characteristics. The author
discusses the character of the ground water in each of these belts and
gives numerous analyses of the waters. These facts should be very
useful to industries, municipalities, and all others who need reliable,
up-to-date information about the ground waters in this area of poten-
tially ‘abundant supplies.

The regional investigation of ground waters and of their geology
in the Coastal Plain of Virginia is a cooperative project of the Vir-
ginia Geological Survey and the United States Geological Survey.
Reports so far published on the results of this investigation include
Bulletin 58, Circulars 1 and 3, and Reprint Series No. 6. A major
report, Bulletin 63, contains detailed information on the Coastal Plain
in southeastern Virginia.

Respectfully submitted,

ARTHUR BEVAN,
State Geologist.

Approved for publication:
Virginia Conservation Commission,
Richmond, Virginia, February 14, 1946.
R. A. Gruiam, Executive Secretary and Treasurer.
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Chemical Character of Ground Water in the |
- Coastal Plain of Virginia

By D. J. CEpErsTROM*

ABSTRACT

The Coastal Plain province of Virginia consists of unconsolidated
~ sediments of Cretaceous, Eocene, Miocene and Pleistocene age which
dip gently seaward and thicken to more than 2,000 feet in the eastern
‘part of the area. South of James River, Lower Cretaceous sands
~ are the most prominent aquifers, but north of James River, where
the Focene sediments are thicker, most deep wells end in Eocene
strata. A few reach Upper (?) Cretaceous deposits.

In the western part of the province, along the Fall Zone, water
from deep wells is soft and has a low total mineralization. -The
water, as it moves eastward, gains in mineral content and becomes
a hard calcium-bicarbonate water. Still farther to the east it is
softened by base exchange and is a soft sodium-bicarbonate water. In
the vicinity of Chesapeake Bay, this water is somewhat brackish and
in places contains more than 1,000 parts per million of chloride.
~ Gain in bicarbonate east of the hard water belt is accounted for
by chemical or biochemical breakdown of sulfate with liberation of
carbon dioxide, which subsequently forms bicarbonate.

South of James River, soft bicarbonate water from the Lower
Cretaceous sediments commonly contains from 4 to 6 parts per mil-
lion of fluoride. North of James River, the Eocene and Paleocene (?)
sediments characteristically yield water containing from 1 to 3 parts of
fluoride.

The high chloride content in the eastern part of the area is
considered to be due to incomplete flushing of the sea water with
which the sediments were once saturated.

The Yorktown formation of Miocene age yields moderately
hard or hard calcium-bicarbonate water, whereas water from the
basal Miocene Calvert and the Eocene Nanjemoy formations is soft to
moderately hard and is more similar to water from older deposits.

*Associate Geologist, Geological Survey, U. S. Dept of the Interior.
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Water from Columbia deposits of Pleistocene age is low in
mineral content except where contaminated by salt spray or polluted.

Tables of analyses of each of the types of water discussed are
given. The numbers given in references to Tables in the text refer to
analyses given in the respective Tables. '
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INTRODUCTION

The present report is based upon localized and systematic studies
by the writer as part of the cooperative investigations of ground-water
resources of Virginia by the Virginia and Federal geological surveys.
Some of the chemical analyses upon which this report is based were
made as part of earlier investigations. - 10 18 Particular mention should
be made of the investigation in 1918, of the geology and ground-water
resources of the counties bordering Chesapeake Bay on the west and
south, by Willis T. Lee, R. D. Mesler, W. C. Mansfield and A. G.
Maddren, all of the U. S. Geological Survey. These data were not
published, but analyses of water samples'® which were collected have
been most valuable. -

A comprehensive report on the Coastal Plain counties in Virginia
south of James River® has been published. A compilation of logs of deep
wells in the area north of James River® and papers dealing with
specific phases of Virginia Coastal Plain hydrology and geology have also
been published,® % 7 but detailed reports on a large part of the Coastal
Plain will not be published in the near future. In the present report,
therefore, the broader aspects of the geology of the Virginia Coastal
Plain, including recently acquired data, are summarized, in addition to
the discussion of the chemical character of ground waters of the
entire Virginia Coastal Plain. A relatively large number .of analyses,
most of them unpublished, is given in order that data on the chemical
quality of ground water throughout the Coastal Plain may be made
available, pending the publication of detailed reports.

*Numbers refer to publications listed at end of this report.
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OUTLINE OF GEOLOGY

The Coastal Plain province of Virginia is underlain by uncon-
solidated clays, sands and marls which dip gently seaward (Fig. 2).
Westward these sediments thin to a feather edge along the Fall
Zone, which extends approximately north-south in Virginia and passes
through Emporia, Petersburg, Richmond, Fredericksburg and Wash-
ington, D. C.2 The Fall Zone is the frayed western margin of the
blanket of Coastal Plain sediments. There the granitic rock base-
ment is close to the surface and, in places where the thin cover of
sediments has been removed by erosion, the rock is exposed. East
of the Fall Zone, basement rock lies at progressively greater depths

and the unconsolidated sediments thicken to more than 2,000 feet,
" as at Norfolk and Mathews. The sediments of the Coastal Plain
extend eastward from the shore to the edge of the Continental Shelf,
where they may be about 12,000 feet thick.1®
' Alternating sands, clays and sandy clays of the Potomac group
(Lower Cretaceous) rest upon the granitic bedrock. This group of
sediments is nonmarine in origin. The sands included in the group
are prolific aquifers and, where favorable thicknesses are present,
yield millions of gallons of water a day to wells. Above the Potomac
group of sediments, alternating sands and clays of the Upper Creta-
ceous are present. These sediments do not extend westward to the
Fall Zone.  In southeastern Virginia, Upper Cretaceous mottled clays
of a nonmarine aspect, probably shore-line deposits, extend inland at
least as far as Southampton County.!> North of James River mottled
clays underlying the Eocene beds are tentatively assigned to the Paleo-
cene*.1® These deposits contain excellent water-bearing formations in
places.

The outcropping Pamunkey group of sediments consists of the
Aquia formation® (lower Eocene) and the Nanjemoy formation (lower
and middle Eocene), which have been described in the literature.

The Nanjemoy formation has recently been recognized in cut-
tings from many deep wells east of the Fall Zone. It is a good
water-bearing formation in places.

Above the older Eocene deposits lies the Upper Eocene Chick-
ahominy formation. It is 80 feet thick at Yorktown. To date
these deposits are known to be present® at Drivers in Nansemond
County, Norfolk and Newport News, Yorktown and Camp Peary
in York County, and Byrdton in Northumberland County.

#Cushman, J. A., Personal communications, Sept. 28, 1944, and June 10, 1947.
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The Eocene deposits are marine sediments which consist
largely of clayey glauconitic beds and subordinate sand and thin
limestone members. The clayey strata range in color from dull-
gray, blue and brown to brilliant green. The uppermost Eocene
beds (Jackson group) are not known to contain sandy members.

North of James River the Eocene deposits thicken somewhat and

extend to greater depths than in the area to the south.t As a result,
many deep wells north of James River end in Eocene deposits,
‘in contrast to those of the south which everywhere tap Cretaceous
deposits, Although they furnish excellent yields to wells in many
places, the Eocene sands seem to be very variable in thickness and
permeability. The deeper Paleocene (?) sands are thicker and
more dependable as a source of supply and have been extensively
developed at West Point and in the Northern Neck: section of -
Virginia.

The Chesapeake group (Miocene) of marine marls and sub-
ordinate sandy formations overlies the Pamunkey group of sedi-
ments. The basal Calvert (?) formation yields small to moderate
supplies of water in a few counties. Water from this horizon is
similar to water from the underlying Eocene sediments. Rela-
tively shallow wells obtain generally not more than 100 gallons a
minute from the sandy Yorktown formation of the Chesapeake
group, particularly in the area bordering Chesapeake Bay. This
water is distinctly different from that produced from deeper wells
reaching basal Miocene beds. Although under slight artesian head,
wells penetrating the Yorktown formation are not generally spoken
of as “artesian”, :

The entire Coastal Plain province is veneered by the Columbia
group of terrace sands and clays (Pleistocene). The sediments on
the higher terraces are continental in origin, whereas those on the
lower easterly terraces are marine.? Thousands of shallow dug or
driven  wells generally obtain small supplies of water from the
terrace sediments throughout the Coastal Plain.

The Coastal Plain sediments dip seaward at a rate of about
10 feet per mile. The seaward slope is not umform however, and
locally strata dip to the south or north.

The area under consideration is shown in Figure 1,
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BELTS OF ARTESIAN WATER

For the purpose of this Bulletin the Coastal Plain province is
divided into several belts, based on the differences in chemical
character of the waters yielded by deep wells penetrating the sands
of Cretaceous, Paleocene (?) and Eocene age which are the most
important water-bearing strata in the province, and, to a lesser ex-
tent, upon the differences in the geology of these strata. These
divisions are: the Fall Zone belt, the adjacent belt of hard bicarbon-
ate waters, the central belt of soft bicarbonate waters, and the
castern belt of high-chloride waters (Fig. 1).

Along the Fall Zone, water from the deep wells is generally
soft and has a low total mineralization. As the water moves
eastward it gains in mineral content, mostly as calcium bicarbonate,
and becomes hard, but still farther to the east it is softened by base
exchange and becomes a soft sodium-bicarbonate water. In the
vicinity of Chesapeake Bay, the sodium-bicarbonate water is some-
what brackish due to the presence of small amounts of connate
water, and in places it contains more than 1,000 parts per million
of chloride. S

BELT OF SOFT WATER OF LOW MINERALIZATION

The Fall Zone, that area where the thin western fringe of the
blanket of Coastal Plain sediments lies upon but does not wholly
cover the granitic bedrock, is a rather poor ground-water zone
both as. to the quality and the quantity  of water available.

. Only a relatively few wells obtain water from Coastal Plain sands
along the Fall Zone, and the water yielded is low in total mineral
content. About 100 parts per million total dissolved solids may be
considered the average (Table A, 3, 8 9). In places the water
contains objectionable amounts of iron (analyses 8, 9) and is cor-
rosive due to dissolved free carbon dioxide (analysis 4). It may
be noted that the fluoride content of water from sands of the
Potomac group along the Fall Zone is everywhere less than 1 part
per million. ' '

Analyses of several samples of water, from wells which pene-
trate granitic rock along the Fall Zone, show a rather wide range
of mineralization. One well at Petersburg (Table A, 6) contains
232 parts per million total dissolved solids, but a well at Chester
(Table A, 2) yields water containing 857 parts. Most of the
waters from granitic rock are hard; the hardness may be present
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either as non-carbonate or carbonate hardness. In some places iron is
present in troublesome quantities.

It is of particular interest to note that some waters derived
from granitic rock have a high fluoride content, 3.4 and 7.7 parts
per million being noted in Table A, 2 and 5. In one well the
fluoride occurs in a hard calcium-sulfate water; in the other, in a
soft sodium-bicarbonate water. The presence of fluoride in water
from wells penetrating granitic rock suggests that the high fluoride
content of the soft sodium-bicarbonate waters to the east is de-
rived from some mineral in the sediments which was derived from
granites of the Piedmont region, rather than that the source is a
chemically precipitated mineral, such as glauconite,

BELT OF HARD BICARBONATE WATERS

Immediately east of the Fall Zone is a belt in which wells
penetrating artesian strata yield a hard bicarbonate water (Figs.
1 and 7). The belt has a maximum width of 25 miles south of
James River, but north of Fredericksburg the hard water belt
seemingly thins to a vanishing point. ‘

Hardness—The water has a variable amount of hardness, gen-
erally as calcium and magnesium bicarbonate; the total hardness
was found to be less than 190 -parts per million (Table B, 2, 7, 14,
17) with one exception; one sample (Table B, 4) from ng
‘George County has 270 parts of total hardness.

Sulfate (noncarbonate) hardness is present in the sample from
King George County (Table B, 4), but in samples 1, 7, and 11,
containing rather high sulfate for this zone, respectively 25, 36,
and 75 parts per million, there is no noncarbonate hardness.
Sulfate is generally less than 16 parts per million, but, as noted
above, the sulfate occasionally may be much higher.

Bicarbonate and carbon dioxide—Water falling to the earth as
rain and percolating through the soil cover into the zone of satura-
tion along the Fall Zone, takes a variable amount of carbon
dioxide into solution. As the water moves eastward in the sedi-
ments, the carbon dioxide reacts with calcareous material and the
hardness increases until the free carbon dioxide is consumed.
When the amount of free carbon dioxide, which is found in sev-
eral’ samples along or east of the Fall Zone, is converted to
bicarbonate hardness* and is added to the hardness already pres-

*CO; in parts per million multiplied by 2.27 equals hardness as CaCOs;.
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ent, it is indicated that from 100 to 150 parts per million of total
hardness may originate by this means (Table A, 4; Table B, 2, 6).
This calculated maximum hardness is slightly lower than the
maximum found in the belt of hard waters (Figs. 3-6 and Table B).

Free carbon dioxide is fairly high in the western part of the
hard water belt (Table B, 1, 5, 15), but in the eastern portion. of
the belt it may be less than two parts per million (Table B, 4, 7,
9, 13, 19).

"‘Base exchange.——At a variable distance from the ‘Fall Zone, the
hard waters are softened by base exchange; hence, beyond a cer-
tain point, the hard waters decrease in calcium and magnesium
and gain in sodium. Essentially no other ‘change in mineral
content occurs..

The loading of sediments with exchangeable sodium may have
occurred in Miocene time. The Miocene strata are of marine
origin, and certainly when these deposits were formed, all the
older Coastal Plain sediments were thoroughly saturated with sea
water and loaded with exchangeable sodium up to the present Fall
Zone. However, even if Pleistocene terraces up to a height of
only 100 feet above sea level are considered to be of marine origin?
it is likely that at the highest stand of the Pleistocene seas leak-
age into Coastal Plain sediments occurred at points of low altitude
along the Fall Zone, as in the Petersburg-Richmond area. The
areas of high ground between Fredericksburg and Richmond and
south of Petersburg and the outcrop area would not be flooded by
a 100-foot sea and, in fact, hydrostatic head there would be suffi-
cient to keep the salt-water contact there many miles to the east.
Viewed areally, the salt-water contact of the artesian system
should then be sinuous, trending west where major streams cross
the Fall Zone at low altitudes and trending east in the higher
interstream areas. The suggestion may be offered that the hard
water-soft water contact, which trends sharply eastward south of
James River, may reflect an incomplete saturation of Coastal Plain
strata by sea water resulting from a 100-foot stand of the sea.
If the hard water-soft water contact trended eastward similarly -
north of Richmond, the suggestion would be more plausible, but
the contact does not appear to do so. The apparent thinning or
absence of the hard water belt from Quantico to Alexandria sug-
gests that there the Coastal Plain sediments were lately flooded by
sea water and loaded with sodium to the Fall Zone, in conse-
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quence of deep dissection and low hydrostatic head along the
north-south course of Potomac River.

An alternative explanation is that sodlum clays. originally
extended to the Fall Zone everywhere but have been differentially
converted to calcium (and magnesium) clays because of differences
in volume of the eastward flow of hard waters arising from differ-
ences in artesian head, and permeability and thicknesses of water-
bearing sands. k

In moving down dip from the Fall Zone, artesian waters tend
to gain in calcium bicarbonate until all the free carbon dioxide is
exhausted. However, base exchange begins to be effective imme-
diately east of the Fall Zone, even though the water is gaining
greatly in caleium, and, as a result, high calcium samples (Table
B) generally contain a little sodium bicarbonate, generally about
20 to 30 parts per million. They do not contain more because the
sediments are in large part loaded with exchangeable calcium.
The system has progressed towards an almost complete calcium
loading of the exchangeable clays as far east as free carbon
dioxide persists in the waters.

At Highland Springs and Robinwood (Table B, 10,11),
about 50 and 160 parts of sodium are present, respectively. Both
of these samples have a low hardness, and apparently more soften-
ing has taken place locally than in most places in this belt. The
sample from Robinwood is also unusual in having a rather high
chloride content, 69 parts per million. This may be due to incom-
plete flushing of connate water  with which the sediments were
once saturated.

It may be expected that, in this artesian system, the eastern
front of the hard water belt will retreat eastward from the points
at which free carbon dioxide is entirely consumed, and in the

eastern part of the hard water belt there should be a narrow zone

where calcium is exchanged for sodium but no gain in bicarbonate
occurs. This zone of no gain in bicarbonate exists and is clearly
shown on the graphs (Figs. 3-6). In eight places, where sam-
ples are available across the eastern portion of the hard water belt,
this relationship is found to be true. :

In the zone of no gain in bicarbonate, referred to above, there
is apparently loss of bicarbonate in an easterly direction in some

" places (Figs. 3, 4 and 6). This apparent “loss” is considered to .

be due to sampling across instead of along the lines of flow of
ground water. For instance, hard water at Burrowsville in Prince



22 CHEMICAL CHARACTER OF GROUND WATER

George County (Table B, 16), contains almost exactly as much
bicarbonate as the soft water at Brandon to the northeast because
in the Burrowsville area the flow is in a northeasterly direction
towards . James River flowing well field. In northern Sussex
County (Figs. 6 and 7) the sample from Wakefield, containing
a lower bicarbonate than the samples from Waverly to the
northwest, is water which has by-passed Waverly and moved. in
from the west or southwest. Slight gains in bicarbonate imme-
diately after the sharp initial gain (Fig. 5) are similarly ex-
plained. Small discrepancies may in fewer instances be attributed
to the impossibility of everywhere sampling from the same hori-
zon. By and large, however, an area of no gain in bicarbonate
seems to be characteristic, and deviations from the norm seem
susceptible to the explanation given above.

BELT OF SOFT SODIUM-BICARBONATE WATERS

East of the belt of hard water, the water obtained from arte-
sian strata is a soft sodium-bicarbonate water (Table C). ~As
such, the belt extends to the sea but, in the Chesapeaké Bay area,
water of this type contains an admixture of connate water and is
discussed separately. The belt of low-chloride sodium-bicarbonate
water extends as far east as a line drawn southwestward from the
tip of Lancaster County to Toano in James City County and
thence southeastward through northern Nansemond County (Fig.
1). The belt includes most of the northern part of the Virginia
Coastal Plain but narrows to a strip 25 miles wide in the upper
York-James Peninsula. South of James River, the zone is from
25 to 35 miles wide. '

Bicarbonate content.—The bicarbonate content of water in the
sodium-bicarbonate zone increases progressively eastward, as
shown in Figures 3-6. It ranges from about 125 to 250 parts
per million on the western boundary of the zone and increases to
400 to 800 parts per million in the eastern portion of the zone.

The bicarbonate content is of importance, since this constitu-
ent contributés to the foaming tendencies of the water when used
in boilers. Tolerance varies with the temperature and pressures
used; in some instances a rather high bicarbonate water (628
parts per million, at Suffolk) can be used in low pressure boilers
if frequently “blown down” to remove excess gaseous constituents.
At Franklin, water containing about 300 parts of bicarbonate is
regarded as poor for high pressure boiler feed.
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30 CrEMICAL CHARACTER OF GROUND WATER

In Lancaster and Northumberland counties, the bicarbonate
content does not exceed 550 parts per million. Around the western
reentrant made by the high-chloride zone in James City County,
the bicarbonate in places may be lower than 400 parts. Along the
south bank of James River, the bicarbonate content reaches a
maximum of about 3500 parts per million within the- soft water
belt in northern Nansemond County, but in southern Nansemond
County it rises to almost 800 parts.

In several widely separated localities, where comparative data
are available, it was found that the water from deeper wells con-
tains less bicarbonate (and hence less total mineralization) than
that from shallower wells. It does not seem to make much dif-
ference whether or not formational boundaries are crossed in the
artesian system. Water from Upper Cretaceous sands contains
more bicarbonate than that from Lower Cretaceous beds (Table
C, 41, 42) ; water from higher (Eocene) sands contains more bicar-
bonate than water from wells penetrating deeper (Paleocene (?)) beds
(15-16, 19-20, 26-27) ; and water from sands high in the Potomac
group (40-41) contains more bicarbonate than water from deeper
horizons. In the analyses cited, the deeper samples contain from 50
to 200 parts less than samples from higher strata.

At Lake Prince, Nansemond County, where only test well
samples, which might not have been truly representative, were '
available, there was a slight increase of bicarbonate content with
depth. At Manquin, King William County, and Leedstown
(Table C, 89) there is slight increase of bicarbonate with depth.

In northern Charles City County, samples from highest Eo-
cene strata have about the same bicarbonate as those from some-
what deeper beds, but water from Paleocene (?) sediments con-
tains a little less bicarbonate. At West Point no differences were
apparent in water from relatively shallow and rather deep wells.
This latter area is highly developed by industrial wells and there
is at least a possibility of migration of water from deeper to higher
horizons.

Fluoride—Fluoride is 'a constituent of much importance in the-
sodium-bicarbonate waters, since it commonly occurs in harmiful
amounts, more than 1 part per million.'® In places the fluoride is
more than 4 parts per million. At this concentration, 100 per cent
incidence of mottled enamel of teeth of children up to 10 years ot
age who habitually drink these waters results. Conversely, small
amounts of fluoride are of importance since it has been shown?!2
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that concentrations up to 1 part per million tend to inhibit dental
decay.

It has been shown above that little of no fluoride is present in
waters of the hard water belt. The few analyses of water from
wells penetrating granitic rock along the Fall Zone show that it is
present in places in high concentrations in waters obtained from
such wells. ,

East of the hard water boundary, however, fluoride appears
commonly in concentrations greater than 1 part per million (Fig.
8). South of James River, fluoride rises to 4 or 5 parts per million
immediately east of the hard water belt at Courtland (Table C,
43), but along James River the increase is more gradual. In the
York-James Peninsula (Table C, 32-35), and in the northern part
of the Coastal Plain (Table C, 4-9), the fluoride content remains
very low for about 10 miles east of the boundary of the hard
water belt and then increases rather gradually eastward.

Although high at the western border of the soft bicarbonate
water belt south of James River, the fluoride content increases
farther eastward and concentrations of 5 or more parts per million
are commonly present. In southern Nansemond County, several
wells yield water containing 6 parts or more (Table C, 38, 39).
The maximum amount of fluoride found in any Virginia Coastal
Plain water, 7.5 parts per million, was from a well at Suffolk.
In the York-James Peninsula, the maximum found outside the
zone of high chloride water was 44 parts at Jamestown.. In the
Northern Neck, the fluoride is rarely more than 3 parts per million
(Table C, 10, 15-17). : '

In general the fluoride content increases with depth, although
analyses from a few places (Table C, 26-27) indicate that this rule
is not invariable. The increase of fluoride with depth takes place -
whether or not the two samples compared are from the same forma-
tion, or from different formations. At Franklin, water from Upper (?)
Cretaceous strata contains 2.1 parts per million of fluoride, but the
uppermost Potomac strata yield water containing 4.6 parts per
million. Water from still deeper Potomac strata contains 6.6
‘parts per million. (See Table C, 40, 41, 42.) Such large differences
are uncommon. From a regional point of view, it may be noted:
that in the area north of James River, where wells develop water
in Eocene and Paleocene (?) beds, the fluoride reaches a maximum
of 4.5 parts per million, but in the area south of James River, where
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wells generally penetrate Lower Cretaceous beds, the fluoride
may be as high as 7.5 parts per million. ‘

‘The source of fluoride found in the Virginia Coastal Plain
waters is not known, but a number of p0551b1e sources are dis-
cussed in a previous publication.?

Other constituents—The chloride content in the soft bicarbonate
belt is almost everywhere less than 20 parts per million, and in
many places it is less than 10 parts per million. Near the border
of the high-chloride belt, samples may commonly contain from 20
to 40 parts per million (Table C, 15, 31, 38, 39). In the belt of
low-chloride sodium-bicarbonate waters, there is not the progres-
sive eastward increase in chloride which is characteristic of the
bicarbonate and fluoride; neither is there a marked change in
chloride content with depth. In this zone the chloride in water
from deeper wells is generally only 3 or 4 parts greater than in
water from wells drawing upon shallower sands (Table C, 11-12,
16-17) or may even decrease slightly with depth (89, 26-27).

Softening by base exchange.—Base exchange, the process by which
one cation in solution may be exchanged for other cations held by sub-
stances such as some clay minerals, is a process of great importance to
the ground waters in the Virginia Coastal Plain. Because of this
phenomenon, the artesian waters in the areas of prolific water-bearing
beds are sodium-bicarbonate waters particularly suited to the domestic
purposes for which they are generally used and to certain industrial
uses, instead of being less desirable hard waters with marked scale-
forming and soap-consuming qualities.

Base exchange is a widely known process. The mechanism of
the process has been recently restated as follows:17 . “The substitu-
tion of even small amounts of bivalent magnesium for trivalent
aluminum, and of trivalent aluminum for tetravalent silicion, results
in a valency deficiency within the crystal lattice. This deficiency is
compensated by ions that are held between the crystal sheets and are
the so-called exchangeable bases.”

Glauconite, the active ingredient in one type of widely used water
softener, is present in abundance in the Eocene strata in eastern Vir-
ginia, and the immediate thought might be that this mineral is of
primary importance in softening waters which move eastward down
dip from the hard water belt. However, glauconite is not present in
deposits of the Potomac group. Moreover, water occurring hundreds
of feet below the base of the glauconite-bearing FEocene beds, and



34 CHEMICAL CHARACTER OF GROUND WATER

which presumably had had little or no contact with glauconitic beds,
is softened as completely as water occurring near the top of the
Potomac group. In at least three places, water from a greater depth,
with the same bicarbonate content as water from a lesser depth, is
much softer than the water from a lesser depth. Hence it seems
evident that material other than the glauconite, undoubtedly clayey
minerals,** 17 is functioning as a base exchange agent. It is not im-
plied, however, that glauconite is not an effective softening agent in
those places where ground waters do come in contact with it.
Sulfate is low in the zone of soft bicarbonate waters. In most
places it ranges from less than 1 part to about 20 parts per million
(Figs. 3-6). It may be noted that the sulfate is scarcely higher
than is generally found along the Fall Zone. It is less than that
found in a few samples taken along or near the Fall Zone which are
somewhat more highly mineralized than the average sample.

Origin of the bicarbonate—It has been shown that waters near
the Fall Zone contain free carbon dioxide and that, as they travel east-
ward down dip, the waters increase in calcium bicarbonate content due
to the reaction of the free carbon dioxide with calcareous material. - A
maximum of about 250 parts per million of bicarbonate may be ac-
counted for thereby. At no very great distance from the Fall Zone, the
carbon dioxide is entirely converted to bicarbonate and presumably fur-
ther solution of calcium carbonate can not take place. In fact, the graph
of the bicarbonate content indicates an area of no increase in bicarbonate
east of the area where a large initial increase occurs. Upon reaching
the soft water zone, however, the waters again begin to gain in
bicarbonate, the continued gain in bicarbonate being a progressive
addition as sodium bicarbonate.

The origin of the bicarbonate gained in the soft water zone has
been dealt with in previous publications® 7 and will not be considered
in detail here. Briefly, it is thought that sulfate in the artesian waters
is broken down by chemical or biochemical action of organic matter
in the sediments, with the consequent release of free carbon dioxide
(Table C, 4, 18, 24, 33, 37). The liberated carbon dioxide then
reacts with limy sediments to form calcium bicarbonate which in turn
is converted, by base exchange, to sodium bicarbonate.

HIGH-CHLORIDE BELT

East of the belt of soft sodium-bicarbonate water, ground waters
are also of the sodium-bicarbonate type but contain more than 40
parts per million of chloride, resulting from contamination of large
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amounts of meteoric water by small amounts of marine water. The
boundary of this belt extends from the southeastern tip of the
Northern Neck southwestward to about Toano, James City County,
and from there southeastward through northern Nansemond County
(Fig. 1). ’

The zone of high-chloride water has been described in detail in
a recent paper® by the writer and hence the factual data will be only
briefly summarized here. '

South of James River, the water-bearing beds are largely of
early Cretaceous age, but north of James River the Eocene section
thickens from less than 100 to a maximum of 400 feet. Northward
the formations rise gently; hence the high-chloride area appears to be
a structural trough where poor artesian circulation has failed to flush
out all of the sea water with which the sediments were once saturated.
: Along the inner border of the belt of high-chloride waters the

chloride is lowest (Table D, 1, 4, 9, 14, 20), but the chloride content
rises with distance eastward from the Fall Zone and also becomes
higher towards the center of the wedge-shaped area of high-chloride
- waters at equal distances from the Fall Zone.

Along the border of the high-chloride belt, the chloride content is
commonly less than 250 parts per million, the maximum amount gen-
erally regarded as desirable for public supplies, and the water is used
successfully for municipal supplies, as at Williamsburg (Table D,
10). In fact, water containing up to 400 parts per million is used or
has been used with more or less success for public supplies at Glou-
cester Court House, Yorktown, Camp Peary (near Williamsburg), and
Fort Eustis (Table D, 5, 7, 8, and 12). Water containing up to 400
parts of chloride foams badly in boilers, probably due as much to the
high bicarbonate content as to the chloride content. Water at Wil-
liamsburg, which contains 225 parts per million of chloride, is said
to be very corrosive in hot water boilers and slightly corrosive when
cold.

Away from the borders of the belt, the chloride content increases
and, in several wells, the water obtained ranges from 1,000 to 2,000
parts per million (Table D, 2, 6, 11, 16, 18). At Old Point Comfort,
water containing 4,500 parts per million has been reported.

At every place where comparative data are available, it has been
found that water from deeper strata has a higher chloride content than
water from shallower wells at the same place. This is particularly
marked along the border of the belt, where wells which tap the
uppermost artesian sands yield water containing as little as 10 or 20
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parts per million of chloride and water from deeper horizons may
contain 100 or more parts of chloride.

The probability of increase of chloride content is a question of
great importance in areas where such increases are possible. It has
been shown® that, in eastern Virginia, slight increases of chloride
content have occurred in a few places where the amount of withdrawal
of water from the ground exceeded the amount of recharge from the
west. At Fort Eustis, a temporary increase in chloride content was
accompanied by continued decline of water levels in observation wells,
at which time more brackish waters migrated to the well field from
down dip or from depth.

Certain wells show a very erratic behavior in regard to the
chloride content of the water yielded. During periods of idleness or
‘very little discharge, these wells yield water of relatively low chloride
content, but, upon heavy pumping, the chloride content of the water
rises immediately to a higher amount and remains at that level (Fig.
9). The most important consideration in this connection is that this
limited increase should not be mistaken for the slow gradual increase

1941
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[
Ficure 9.—~Diagram showing relation of chloride content of artesian water
to amount of pumping at Yorktown, Virginia.
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. which will occur with overpumping and which may continue as long as
overpumping continues, '

The geologic conditions responsible for limited rises in chloride
content in well waters after periods of idleness may only be surmised.
It is thought that fresh water may enter the area from the west along
thin, more permeable channelways and, because of its low specific
gravity, may tend to be trapped and form a fresh water “pool” above
the saline waters instead of diffusing through the stratum, just as oil
pools occur in stratigraphic or structural traps. At a low rate of
pumping, the water yielded would then be.largely fresh water but,

" upon pumping at a higher rate, the fresh water “pool” is exhausted
and the water yielded is almost entirely the characteristic high-chloride
water of the area. ,

As mentioned above, water containing up to 400 parts of chloride
has been used successfully for public supplies. At Newport News,
water containing 690 parts of chloride (Table D, 17) has been used
for cooling purposes, although the water is corrosive. It is reported
that, within three years of installation, the pump column corroded
completely through and fell to the bottom of the well. In one place,
hot water containing about 500 parts of chloride was found to be
extremely corrosive. An old, but still serviceable, boiler at the
Yorktown Naval Mine Depot was rendered entirely useless within a
few days after high-chloride water (Table D, 7) was used for feed
during a water shortage in the drought of 1941.

Bicarbonate—The bicarbonate content ranges from about 500 to
about 900 parts per million with few exceptions (Table D, 18), and
is therefore only slightly greater than the maximum found in soft
low-chloride bicarbonate waters. The progressive increase in bicar-
bonate content is not maintained in the high-chloride zone because of
the increasing admixture of marine waters which are characteristically
low in bicarbonate.

Sulfate—Sulfate is high in these waters in contrast to water in
the belts to the west because of the admixture of marine water which
is high in sulfate. It ranges from 25 to 300 parts per million in the
" analyses given in Table D, - : '

Hardness.—The hardness of the high-chloride waters ranges from
less than 10 parts to more than 200 parts per million. In general,
those samples containing low chloride have a low hardness, but those
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with .a high chloride content have a high total hardness because the
sea water, with which they are contaminated, contains much hardness.

A number of samples contain more magnesium than calcium.
This is expected where water of meteoric origin has been contaminated
by sea water. The majority of samples, however, contain somewhat
more calcium than magnesium and have a lower total hardness than
would be expected if the waters were a simple mixture of meteoric
and marine waters. The origin of this type of water has been dis-
cussed in another paper.?

Fluoride—Fluoride in the high-chloride belt is about the same
as in the soft bicarbonate belt immediately to the west; apparently
the progressive eastward increase in fluoride content is compensated
for by dilution with the connate marine water.
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WATER FROM MIOCENE AND MIDDLE EOCENE
DEPOSITS

Many wells from 30 to 150 feet deep obtain water from sands
or shell and sand strata of the Yorktown formation of Miocene age
in the area bordering Chesapeake Bay. The Yorktown formation gen-
erally contains one or more permeable strata yielding fresh water under
low artesian head. Deeper wells reaching sands of the Calvert yield
water which is more or less brackish. Inland most shallow drilled wells
obtain water from the Nanjemoy formation of Middle Eocene age.

Most of the wells are small-diameter jetted or driven wells, but
a few are drilled. A few dug wells reach Miocene deposits.

" Most of the wells tapping Miocene strata supply homes, but a few
furnish water to small industries and to small Army and Navy
establishments. In the Norfolk area, several large farms are irrigated
by water from these deposits.® Nanjemoy deposits furnish water to
homes, but at West Point about 1,000 gallons a minute is pumped from
this formation for industrial use.

CHEMICAL CHARACTER

These waters are a moderately hard calcium-bicarbonate type.
The total hardness of about half the samples for which analyses are
available ranges from 100 to 200 parts per million; one-fourth con-
tain less than 100 parts of hardness and about one-fourth contain
from 200 to 400 parts. ; 7

Some of the softer Miocene waters simply have a low mineral
content, as samples from Chincoteague and Lynnhaven (Table. E,
22, 27), but a few others having a low hardness (Table E, 3, 4, 11)
contain a rather large amount of sodium bicarbonate and are hard
waters which have been softened by base exchange. This type of
water is characteristic of the Nanjemoy formation.

Hard or moderately hard waters are characteristic of the York-
town formation. In most waters from the Yorktown formation, cal-
" cium and magnesium are present only as bicarbonate, and excess
bicarbonate is present as sodium bicarbonate, indicating that some base
exchange has taken place, as in samples from Urbanna, Naxera and
Yorktown (Table E, 5, 7, 17).

High sulfate is present in a few very hard waters. (Table E,
7, 9, 10). Where more than 100 parts of sulfate is found, it is
generally present as calcium sulfate (Table E, 9, 24 and New Point
Comfort, Fig. 10). These waters therefore contain sulfate of perma-
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nent hardness, in addition to temporary or bicarbonate hardness. A
sample from Gloucester County (Table E, 7), however, contains 100
parts per million sulfate as sodium sulfate,

Chloride is generally low in water from the Yorktown forma-
tion, but in coastal areas it may commonly range up to 100 parts,

R EXPLANATION
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Figure 10.—Diagram showing composition of several types of water
from Yorktown formation of Miocene age in eastern Virginia,

or even higher, as at Big Bethel (Table E, 19), Dam Neck (29),
and New Point Comfort (10), where the chloride is respectively
109, 290, and 103 parts per million. The chloride has originated
locally as salt spray carried down with rainfall,

In a few inland localities the chloride is high in shallow wells
in the Miocene, as at Warsaw, Richmond County (Table E, 2, and
Fig. 10), where it is 81 parts per million. Here high chloride is
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undoubtedly due to organic pollution, since the nitrate is also
very high, 108 parts per million. Other samples (Table E, 8, 24)
containing high nitrate also contain somewhat more chloride than
might otherwise be expected. These samples were taken from dug
wells. Samples at inland localities taken from drilled wells gen-
erally contain very little nitrate or chloride.

Water from the Calvert strata contains somewhat less chloride
than water from the Eocene strata. At Camp Peary, water from
the Eocene strata contains about 300 parts per million, whereas
water from basal Miocene beds contains only about 20 parts of .
chloride. At Yorktown the difference is less; the Park Service
well, which is sunk to Miocene deposits, yields water having about
400 parts of chloride, whereas deeper wells reaching Eocene sands
at the Naval Mine Depot yield water containing from 500 to 600
parts per million of chloride. The well'® at Mathews (Table E,
11) yielding water containing 156 parts of chloride, reported to be
a flowing well 817 feet deep, probably obtained water from the
Calvert at about 400 feet. (A 650-foot well in this county yields
water containing 550 parts of chloride).

Iron is present in large amounts in some waters from Miocene
strata. Analyses 20, 24, 25, and 27 of Table E, contain respectively
19, 7.7, 7.2 and 5.62 parts per million of this constituent. A few
other samples contain only a little iron, and in the samples recently
analyzed iron may be presumed to be practically absent since it
was not reported.

The iron present in many samples may have its source in the -
sediments, but, since some of these waters contain a relatively
high free carbon dioxide content, some of the iron may be derived
from pipes or tanks through which the water passes. A sample
from Newport News (Table E, 20) contained 40 parts of free
carbon dioxide. On the other hand, several samples (Table E, 13,
24, 26) contained little or none.

Fluoride is not greater than .6 part per million in water
from the Yorktown formation, but water from the older forma-
tion contains from 1 to 2 parts.

Taking the waters as a group, it would appear that a very‘
few of the samples of low mineralization may represent waters
that are largely of local origin, and their constituents are the result
of ‘simple solution of the sediments through which they have
moved. These waters are similar to most water obtained from
Quaternary deposits. Most of the other samples, however, appear
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to have traveled farther and have been acted upon by base ex-
change material in the sediments; in most instances more or less
of the calcium bicarbonate, originating from the solution of limy
marls by waters high in carbon dioxide, has been converted to
sodium bicarbonate. In the deeper waters from the Calvert and
Nanjemoy formations the major part of the calcium has been ex-
~changed for sodium. 'These waters are more like samples taken
from underlying Lower Eocene or Cretaceous deposits than from
overlying Yorktown strata. Several samples contain moderate to
fairly high sulfate, originally present as calcium sulfate. Where
small amounts of sulfate are present, the sulfates have been con-
verted to sodium sulfate, but, in three samples containing high
sulfate, the suliate is present as calcium sulfate. These samples
also contain chloride as calcium (or magnesium) chloride.. Ob-
viously here base exchange has acted to fix sodium and liberate
calcium, -

USE OF WATER

The water from the Yorktown deposits is admirably suited to
irrigation because of its high ratio of calcium to sodium and potas-
sium. In many places, it is satisfactory for domestic purposes in
spite of its hardness, but elsewhere the presence of iron is trouble-
some. The water is used widely for boiler feed, but the continual
use of boiler compound is necessary for successful operation.
Complete softening and iron removal are practiced where the
water is used by commercial laundries. Water from the Calvert
and Nanjemoy formations is more suitable for domestic purposes
because of its low hardness. In this type of water, as with water
from deeper wells, chloride and fluoride may be present in objection-
able amounts in many places.
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WATER FROM QUATERNARY DEPOSITS

Thousands of shallow wells throughout Tidewater Virginia
obtain water from sands of the Columbia group of Pleistocene age.
A few wells are developed in recent dune sands in Princess Anne
County. The majority of shallow wells are dug, but a number of
them are driven or jetted. Nearly all these wells are domestic
wells supplying homes and farms. In two places, batteries of
shallow wells furnish water to small industries. Seashore State
Park, near Cape Henry, is supplied by a battery of wells obtaining
water from dune sand.

t

CHEMICAL CHARACTER

Water from shallow wells, being practically everywhere of
local origin, generally contains a low or very low amount of dis-
solved solids, but a few, particularly those located on the lower
easterly marly terraces, contain about as much dissolved mineral
matter as the deeper waters from Miocene strata.

Samples 7, 8, 9, and 11 of Table F contain from 300 to 400
parts of total dissolved solids, but most of the other samples appear
to contain a considerably smaller amount of dissolved material.
The samples from Reedville and Poquoson (Table F, 5, 16), which
contain respectively 775 and 814 parts per million total dissolved
solids, seem to be exceptional.

Most of the samples contain more sodium and bicarbonate
than any other constituent; several have moderate hardness (less
than 100 parts per million). The sample from Poquoson (Table F,
16) has high bicarbonate hardness, as well as high chloride. Samples
5, 7, and 16 of Table F contain more than 100 parts of chloride,
probably originating as salt spray, and samples 4, 9, 10, 18, 19,.
and 21 contain a high nitrate, suggesting organic pollution.

In relatively few places, iron is present in troublesome
amounts. Free carbon dioxide is probably fairly high in most
shallow waters (Table F, 2, 13, 14, and 17) and, since the total
mineralization is low, some of these waters are acid and corrosive.-
- Fluoride is very low or absent.

The samples from dune sands (Table F, 14, 15, 16) are of the
same character as the slightly mineralized waters from the terrace
sands.
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